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trying fo answer some questions:

SSA and TMDs: from physical intuition to formalism
two scale (Q%, k) processes - factorization
(SIDIS, D-Y, dijets, ...)
one scale (Pt) processes: factorization ?
universality of TMDs ?
phenomenological test: Ip" — hX

no conclusion ...



Transverse single spin ) do! — do!
asymmetries experimentally N =
observed in SIDIS do! +dot

v'p— hX

Ay x S (px Pr) x Prsin(®, — ®g) v* —p c.m. frame

large Q%: the virtual photon explores the nucleon structure
in collinear configurations there cannot be (at LO) any P+



simple physical picture for Sivers effect

Pr~Fk}

the large Q¢ virtual
photon "sees” the
spin-k, correlation



SIDIS in parton model
with intrinsic motion
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factorization holds at large @2, and Pr~ k1 = Aqcp
Two scales: Pr <« Q?
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(Collins, Soper, Ji, J.P. Ma, Yuan, Qiu, Vogelsang, Collins, Metz)
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HADRON PRODUCTION PLANE

LEPTON SCATTERING PLANE
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do/ddy, (arbitrary units)

oy (radians) ¢, (radians)

cos®y dependence induced by quark intrinsic motion
EMC data, yp and pd, E between 100 and 280 GeV
(k3) =028 (GeV)?  (p7) =0.25 (GeV)?
M.A., M. Boglione, U. D'Alesio, A. Kotzinian, F. Murgia and A. Prokudin



CLAS data, arXiv:0809.1153
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2(cos(t, ),

2(cos(t, ),

cos ¢ dependence observed by HERMES

F. Giordano and R. Lamb, arXiv:0901.2438 [hep-ex]
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and by COMPASS

W. Kdfer, on behalf of the COMPASS collaboration, talk at
Transversity 2008, Ferrara
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comparison with:

M. Anselmino, M. Boglione, A. Prokudin, C. Tirk
Eur. Phys. J. A 31, 373-381 (2007)
does not include Boer - Mulders contribution
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Brodsky, Hwang, Schmidt model for Sivers function
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Ay xS (p X Pr) « Prsin(¢, — ¢g)

needs k. dependent quark distribution in p' and
final state interactions
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Sivers asymmetry best fits

M.A., M. Boglione, U. D'Alesio, A. Kotzinian, S. Melis, F. Murgia, A. Prokudin, C. Turk,
Eur. Phys. J. A39 (2009) 89
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sin ((bh - (I)s)
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Fit of COMPASS data on deuteron target
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extracted
Sivers
functions

(HERMES and COMPASS
deuteron data)
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u and d Sivers functions rather well determined
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agreement between different groups

M. Anselmino, M. Boglione, J.C. Collins, U. D’Alesio, A.V. Efremov, K. Goeke, A. Kotzinian, S.
Menze, A. Metz, F. Murgia, A. Prokudin, P. Schweitzer, W. Vogelsang, F. Yuan
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Predictions for COMPASS, with a proton target,
and comparison with data (arXiv:0808.0086
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Sivers asymmetry: COMPASS vs HERMES,
problems?

0.1

COMPASS 2007 proton data (part.)
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Collins effect

1 R N
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Collins asymmetry
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Collins effect in SIDIS couples to transversity



fit to HERMES dataon A

sin(P, +P )
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W. Vogelsang and F. Yuan
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A. V. Efremov, K. Goeke and P. Schweitzer

(h, from quark-soliton model)

s(x) for proton (a)

sin((O+)
A uT

0.15 R
HERMES preliminary {

llllllllllll

0.1 F

005 - _ ] ¢ - J1—
N

_ T . i

0.05 F T =

B | 1 | | I | | 1 | I 1 | 1 1 I 1 1 | 1 ]

0 0.1 0.2 0.3 X

Aﬂ!}d’c( x) for deuteron (¢)
0.2 LI I I I Frrrn I I I LI

{ COMPASS data
00 ]

(—
——1
S
l-.-’
il
il
Il
i
r
i

positive hadrons

1
o
Illlllllll

0.01 0.1

‘/.‘||||||||J

ASL'.T']'-N'WS)(X) for proton (b)
_I LI I L L I L I LI l_
0.05 F HERMES preliminary * .
-] i

—
-
—
—
—
—
—
-
-
—
—
-
-
-
—

-O.IS 1 1 | 1 I 1 1 | 1 I | 1 1 | I 1 | 1 1
0 0.1 0.2 0.3 X
Aﬂ!}q)c( x) for deuteron (d)
0.2 _l LI || | 1 LI II I I LI l_
} COMPASS data -
0.1 F -
Z | s
0f : 1 £1=l—*—l:/i% S
-] | -
i 1 -
0.1 - "
- negative hadrons .
"0’2 -_|||||| Lol L1 lll.l—-
X

0.01 0.1



Collins asymmetry best fit

M. A., M. Boglione, U. D'Alesio, A. Kotzinian, F. Murgia,
A. Prokudin, S. Melis , e-Print: arXiv:0812.4366 [hep-ph]
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M. A., M. Boglione, U. D’Alesio, A. Kotzinian, S. Melis, F. Murgia,A. Prokudin and C. Tiirk
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transversity distributions
(blue lines = Soffer's bound)

M.A., M. Boglione, U. D'Alesio,

A. Prokudin, C. Tirk
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extracted Collins functions
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Predictions for COMPASS, with a proton
target, and comparison with data
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TMDs and SSAs in Drell-Yan processes

factorization holds, two scales, M?, and 4r
doP ™Y =" fo(21,k11:Q%) ® fo(wa, k123 Q%) do9T0 1

3 planes: plane L to polarization vectors,
p—vy * plane, /" =]~ plane
no fragmentation process Arnold, Metz, Schlegel



Sivers effect in D-Y processes

By looking at the d* o /d*q cross section one can
single out the Sivers effect in D-Y processes
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Predictions for Ay
Sivers functions as extracted from SIDIS data, with opposite sign

COMPASS: np!

PANDA: p p'
0.3 _ 0 —_— :
0.2 : )
0.1
K 2 '
S 0 3
-0.1 01 F i
2<M<2.5 GeV
o 55=15 c()aZVG v
E,=160 GeV GRVP <Ar=.a e
g T L P — |
0.5 0 0.5 0 0.5
XF N
ol
PAX: p'p 0 PAX:pP
0.2 2 ————————————
L Vs=14.14 GV lyl<T Vs=14.14 GeV lyl<1
£ 01 £ o1
%&Z 'c7)<Z
- 4<M<6 GeV \
O .............. 0 .............
XF

M.A., M. Boglione, U. D'Alesio, S. Melis, F. Murgia, A. Prokudin, e-Print: arXiv:0901.3078




TMDs and SSAs in hadronic processes
Cross section for pp — 7% X in pQCD, only one scale, Pt

based on factorization theorem
(in collinear configuration)
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pQCD elementary
Interactions



Polarization-averaged cross sections at /s=200 GeV
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good pQCD description of data at 200 GeV, at all
rapidities, down to pt of 1-2 GeV/c
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Unifying 62.4 and 200 GeV, BRAHMS + E704

(C. Aidala talk at transversity 2008, Ferrara)
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good description of unpolarized cross-section, A ... ?
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SSA in hadronic processes: TMDs, higher-twist correlations?
Two main different (?) approaches

1. Generalization of collinear scheme
(assuming factorization)

T ~ab—cd
do!' = Z \fa’/pT (xa, kiJ_a)J@\fb/p(I‘b, ICJ_b)J@ do (kJ_aa kJ_b) & Pﬂ/c(zv pJ_T(')J

a’7b7C:q7Q7g Y Y Y

single spin effects in TMDs

M.A., M. Boglione, U. D'Alesio, E. Leader, S. Melis, F. Murgia, A. Prokudin, ...
Field-Feynman
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2. Higher-twist partonic correlations

(Efremov, Teryaev; Qiu, Sterman; Kouvaris, Vogelsang, Yuan; Bacchetta,
Bombhof, Mulders, P1jlman; Koike ...)

contribution to SSA (A'B — h X)

dAo Z Ta(kla ko, SL} ® fo/B(Tp) @ I\{ab_“(kl, kgj) ® Dp,ye(2)

a,b,c A4 Y .
twist-3 functions hard interactions

courtesy of W. Vogelsang
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fits of E704 and STAR data

Kouvaris, Q1u, Vogelsang, Yuan
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SSA inpp — jet + jet + X, Hi H2— h1 h2 X
Bacchetta, Bomhof, Mulders, Pijiman; Boer,Vogelsang, Yuan; Teryaey

kL = jet pair transverse momentum

I (1 S

ar El 0 1}p kt

= (@)

ST

Sivers contribution to SSA (T, o fi-tM)

dAo Z fJ_(l) xl & fb/Hz (CCQ) X dO_[ Jb—cd & Dh1/c(zl) Dh2/d(22)

a,b,c

gluonic pole cross sections take into account gauge links
A o (D] 1~D D] Diagram dependent Gauge
do(a)p—ca = Z Co dogp—ca Cé; | link Colour factors

(breaking of factorization?)



Gluonic pole cross sections and SSA in HiHy, — hiho X




. . . Brodsky, Hwang, Schmidt:;
Crucial role of gauge-links in TMDS (ins. Belitsky, Ji. Yuan:

Boer, Mulders, Pijlman

 profound implication:
process-dependece of Sivers functions

SV (@ k) = — FS (@, k)

DIS: “attractive” DY: “repulsive”

* hugely important in QCD -- tests a lot of what we
know about description of hard processes

W. Vogelsang's talk at Beijing, June 2008



questions.....

Could we test TMD factorization in one scale
processes?
Which Sivers functions should we use?

Are there other contribution to AN in
addition to Sivers?



consider p'1— h X large Pt processes
(one current jet events)

v Y

left-right asymmetry /x
spin T s /

spin rlght h

do'(Pr) — do*(Pr) do'(Pr)—do'(—Pr)
do"(Pr) + dot(Pp) 2 do"P( Pr)

An =



sivers effect at work

large Pt originated by large angle scattering ql—ql,
large Q2, Pt > k., p.

QCD corrections should give two-jet events:
Y9 —4949, Y9 —4q



expect An to decrease as k, /Pt



safe kinematical region

e high statistics at low pr (around 0.5 GeV)

= dominated by quasi-real photon exchange = OUT of pQCD regime

e —> consider larger pr values (xr > 0 = forward region of the proton):

| min values

pT collinear TMD
zr >0 xzp <0 | 2zrp>0 zr <0
1.5 GeV large large low large
2.5 GeV large large large large

from talk of U. D'Alesio at DIS2009



Collins effect at work

Dh/q,Sq (vaJ_) —

lepton
1 N
Diyq(2,p1) + 5 A7 Dpygi(2,01) 84
pPL
Dh/q(zapJ_) | HlJ_q(ZapJ_) Sq



how does all that translate into a formula?
assume factorization:

S)+b—h+X
= dU(ZBI):; - — Z / 16671:;z228 A’k d’p, é(p, f);) 6(5+t+ 1)
a,{ }
X \p%p)\z fQ/p,S(xv klj) % MAQ,A AN M;;,A AL \A iz,i\\g (ZapL)J
TMD-PDFs TMD-FFs
My 1 ]? = M7 [? = 647204263 j—j
Mo = NP =6imtaed L

) > S(—u - /
Myypyy M*,. , = 64 7T2C¥262 % e~ Ho—¢")

elementary interaction (at lowest order); phases
due to non collinear, non planar configuration



dx d N
Z/ S Pk Pp, S(py D) (3 4T+

16 72z 225 ) x [B(1) = B(])]2—9
An — q,{\}
N dx dz 5 ; g AAA .y
Z / 16 121 225 d’ky d*p) 6(py - p,) 0(8 +t+a) x [X(T) + X(])]e5~1
q,{A}
Sivers
A
qt—qt LN N 02 ~012] 7
Z (1) = X)) = 5 A™ fo/(x, k1) cos ¢ {|Ml\ + | M2 } D yg(2,p1)
{2}

+  hy(w, k) MYMS AN Dy, 0 (2,p1) cos(¢’ + o1

—

. Y
Collins x phases

SIS + SN = fypp(w, k) | NP + (N2 | Dasqlz,p1)
{A}



Even simpler: An for p'l— jet X
(only Sivers effect)

Ejet da.(p,S)—|—£—>jet—|—X

dx .
— P’k 5(5+1+1
d3P ;. Z /167T2:1:3 Lo+t +1)
J q,{\}

Q/pas ¢ 1 b - X
< Pxgx, Japs(@ kL) 5 Mg a My xox

d F —
Z / 167;263;8 d’k, 6(s+t+a) x [X(T) — E(l)]%t gl

Adet _ q,{\}
v dz 2 A ; ~ ql—ql
D | ooy kLG T+ @) x [B(1) + ()]
q,{A}

D () — 2] ™ = ;@@ m@[ NP + NS
1A

SR + S = Fappla ko) | NP + | N3P
{A}
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Aninp'l—= hXorp'l— jet X

most simple test of TMD factorization in one
large scale processes
no problem with universality
might even look at h inside the jet (Collins
effect), p'l— h-jet X

maybe difficult with ongoing experiments
EIC, ENC, ...



